Background. Acute exposure of mesothelial cells to peritoneal dialysis fluid (PDF) has been shown not only to result in injury but also to induce cytoprotective heat shock proteins (HSP). The aim of the present study was to evaluate the expression of HSP in a more chronic in vitro PDF exposure system, searching for a role of glucose degradation products (GDP).
Introduction
Peritoneal dialysis (PD) is a safe, cost effective and widely used form of renal replacement therapy in patients with end-stage renal failure. However, peritoneal dialysis fluids (PDF) are not biocompatible, and up to a third of patients will suffer from technical PD failure [1] . Early research on PDF biocompatibility has almost exclusively focused on the acute cytotoxic effects of PDF-in part due to the lack of valid chronic in vitro models-and resulted in the delineation of low pH and lactate as major cytotoxic stressors [2] [3] [4] . In the same experimental settings, cytoprotective heat shock proteins (HSP) were shown to be concordantly upregulated in mesothelial cells following PDF exposure to counteract toxic injury [5] [6] [7] .
Presently, the research focus has shifted towards cellular processes that occur in the peritoneum upon more chronic exposure to PDF [8] . Chronic exposure to a high glucose amount and its degradation products (GDP) has been associated with sterile inflammation and severe diabetiform changes, such as neoangiogenesis, fibrosis and transdifferentiation [9] . In the clinical setting, we recently described significantly reduced expression of HSP in mesothelial cells harvested from PD patients, following loss of the epithelial phenotype [10] . Transfer of these findings into the in vitro setting is essential to allow better evaluation of the cellular mechanisms that are responsible for the observed changes in HSP expression. In this study, we incubated human peritoneal mesothelial cells (HPMC) to PDF in an extended in vitro incubation model, where test solutions are incubated with the cells for up to 10 days. This duration was chosen because in previous experiments-lasting for 36 days-we found that the most marked changes had already occurred within that period [8] . Exposure to diluted PDF likely reflects the intra-peritoneal conditions beyond the first hour of the PD dwell in the clinical scenario of PD.
In this paper, we therefore assessed changes in phenotype and HSP expression in HPMC following extended in vitro exposure to glucose-based PDF with or without high GDP content due to heat or filter sterilization.
Materials and methods

Materials and test fluids
Standard chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. Falcon™ tissue culture plastics (Becton Dickinson, Franklin Lakes, NJ, USA) were used for all cell culture procedures. The PD solutions PDF were prepared in the laboratory according to the following formula [11] 15 .0 or 42.5 g/L. The solutions from the same stock were then sterilized either by heat (121°C, 0.2 MPa, 20 min) or filtration through 0.2-mm pore size filter (Nalgene ® , Nalge Nunc International, Rochester, NY). The control solution was M199 culture medium supplemented with L-glutamine (2 mM), penicillin (100 U/mL), streptomycin (100 μg/mL), hydrocortisone (0.4 μg/mL) and fetal calf serum (% v/v see below) (FCS; Invitrogen, Carlsbad, CA, USA) [11] .
HPMC HPMC were isolated from specimens of omentum obtained from consenting non-uraemic patients undergoing elective abdominal surgery. HPMC were isolated and characterized as described previously [12, 13] . By phase contrast microscopy, they have a typical cobblestone appearance, and by immunofluorescence, they stain positive for cytokeratin and vimentin and negative for desmin. Patients with active inflammation were excluded and cell extracts with bacteria in supernatant were discarded. The n given in the legends signifies mesothelial cells from different donors.
HPMC were propagated in the supplemented control medium with 10% v/v fetal calf serum (FCS; Invitrogen, Carlsbad, CA, USA). All experiments were performed using cells only from the first three passages since later subcultures contained an increasing number of senescent cell [12, 14] . HPMC were plated into multi-well clusters and grown until confluence. The standard medium containing 10% FCS was replaced with medium supplemented with 0.3% FCS 48 h prior to the first experiments and maintained for the whole chronic incubation period as described previously [11] .
In vitro exposure models PDF exposure model: confluent cultures were exposed for up to 10 days to laboratory-made standard low glucose PD solution which were either filter-or heat-sterilized PDF or kept in parallel in control medium (preparation see above). In order to reduce acute toxicity, the PDF was mixed with equal amounts of cell culture medium supplemented with a final concentration of 0.3% FCS. These solutions were changed on days 2, 6 and 9. At 1, 3 and 10 days the cell cultures were assessed morphologically, and cell lysates were examined for the expression of heat shock proteins (Hsp27 and Hsp72) and Ezrin. The phenotypes of HPMC cultures were microscopically characterized whether they maintained their typical cobblestone-like phenotype or not.
GDP exposure model: confluent HPMC cultures were exposed to the GDP 3.4-di-deoxyglucosone-3-ene (3.4-DGE) for 24 h diluted in control medium containing 0.3% FCS in doses of 1-100 μM [15] . Supernatant was examined for release of LDH (as marker for cell membrane integrity) and of IL-6 and IL-8 (as marker of cellular inflammatory status). Cell lysates were examined for the expression of heat shock proteins (Hsp27 and Hsp72).
Cell protein
Total cellular protein in solubilized HPMC monolayers was analysed with BCA protein assay (Sigma-Aldrich) using bovine serum albumin as the standard. Repeated cell counts revealed that 1 μg of HPMC protein corresponded to 2.0 × 10 3 ± 0.9 × 10 3 (mean ± SD) cells under control conditions.
Western analysis
The expression of Hsp27, Hsp72 and Ezrin in HPMC extracts was assessed by western blotting; briefly, cells were washed twice in PBS and lysed in RIPA buffer containing 50 mM/HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 1 tablet of Complete Protease Inhibitor (Roche, Basel, Switzerland) per 100 mL. Equal amounts of protein samples (6 μg/lane) were separated by SDS-PAGE on a Multiphor II unit (GE Healthcare, Uppsala, Sweden) according to the manufacturer's protocol using 'Excelgel SDS Homogenous 12.5' ready cast gels and the appropriate cathodic and anodic buffer strips (all from GE Healthcare). Size-fractionated proteins were transferred to PVDF membranes by semi-dry transfer using the Multiphor II Novablot unit (GE Healthcare) and the according transfer buffer (200 mM glycine, 25 mM Tris base, 0.1% SDS, 20% methanol) following the manufacturer's manual. Membranes were blocked with 5% dry milk in TBST buffer (150 mM NaCl, 0.05% Tween 20, 10 mM Tris/HCl at pH 7.4). Membranes were incubated with the primary antibody (Hsp72: SPA-810, Stressgen/Assay Designs, Ann Arbor, MI, USA; Hsp27: SPA-800, Stressgen/Assay Designs; Ezrin: E8897 clone 3C12, Sigma-Aldrich). After incubation with secondary, peroxidase-coupled antibodies (Polyclonal Rabbit Anti-Mouse Ig/HRP P0260, Dako Cytomation, Carpinteria, CA, USA) and enhanced chemiluminescence solution (Western Lightning reagent, Perkin Elmer, Boston, MA, USA), detection was carried out using a ChemiDoc XRS chemiluminescence detection system (Bio-Rad, Hercules, CA, USA). Densitometric quantification of 1D bands was accomplished using the Bio-Rad QuantityOne software [16] .
LDH release
For LDH analyses, 100 μL aliquots of supernatants were removed after the described experimental setup and kept on −20°C until analysed within 48 h. Measurements were performed in duplicates with Sigma TOX-7 LDH Kit according to the manufacturer's instructions. LDH efflux was normalized for protein content.
IL-6 and IL-8 measurements
In additional experiments, HPMC-derived supernatants were collected, centrifuged to remove cellular debris and stored at −70°C until assayed. IL-6 concentrations were measured with an enzyme-linked immunosorbent assay (ELISA) using an ELISA-matched antibody pair (R&D Systems). The test was performed according to manufacturer's instructions. Sensitivity of the system was 2 pg/mL. IL-8 concentrations were measured with a specific 'sandwich-type' immunoassay using an enzymelinked immunosorbent assay-matched antibody pair (R&D Systems). The assay was designed and performed according to the manufacturer's instructions. Sensitivity of the system, determined by adding 2 SD to the mean optical density of the zero standard (n = 16), was 5 pg/mL. The concentrations of released IL-6 and IL-8 were normalized per 1 μg of cell protein.
Data analysis
Protein expression, LDH efflux and IL release following exposure to heatand filter-sterilized PDF were calculated as percentage of the values measured in the respective negative control experiment. In addition, data were expressed as ratio of values measured following exposure to heatsterilized PDF over values measured following exposure to filter-sterilized PDF. All statistical analyses were performed using GraphPad Prism TM 3.00 software (GraphPad Software Inc., San Diego, CA, USA). The comparisons were made with either repeated measures or two-way analysis of variance, where appropriate. A P-value of <0.05 was considered as significant. The results are presented as means ± SEM.
Results
Exposure to the filter-sterilized PDF did not significantly affect protein content in HPMC cultures exposed up to 10 days ( Figure 1A ). In contrast, exposure to the heatsterilized fluid resulted in a significant loss of cell mass ( Figure 1A) compared to control at all follow-up times. This resulted in a mean ratio of protein content following exposure to heat-versus filter-sterilized PDF of 0.54, 0.54 and 0.75 on days 1, 3 and 10, respectively (days Exposure to PDF alters mesothelial HSP 1047 1, 3 P < 0.05). This became discernable between days 3 and 7 depending on individual tissue. As shown on the photograph ( Figure 1B ), chronic treatment of HPMC with the heat-sterilized fluid resulted in serious cellular disruption on day 10. As we have previously demonstrated associations between loss of the epithelial phenotype of mesothelial cells and HSP expression during in vivo exposure to PDF, we also assessed the time course of expression of the epithelial marker protein Ezrin (10) . Exposure to the filter-sterilized fluid did not result in significant effects on Ezrin over the chronic exposure time, whereas exposure to heat-sterilized fluid reduced Ezrin to 50% of control within the first day to even lower levels at day 10 ( Figure 1C ). This resulted in a mean ratio of Ezrin abundance following exposure to heat-versus filter-sterilized PDF of 0.46, 0.52 and 0.10 on days 1, 3 and 10, respectively (days 1, 10 P < 0.05). As shown in Figure 2 , exposure to glucose-based PDF resulted in significant downregulation of HSP expression in HPMC over the 10-day course compared to control. Exposure to the filter-sterilized fluid resulted in an initial mild increase of both HSP (that did not reach statistical significance) and then dropped to levels below 50% of control HSP expression at the end of the exposure protocol on day 10. In contrast, exposure to the heat-sterilized fluid . Protein content (days 1, 3) was significantly lower in heat-versus filter-sterilized PDF. The asterisk (*) demonstrates a P < 0.05 versus control. In panel (B) the representative photomicrograph to the left shows an epithelial phenotype with cobblestone-like appearance after chronic exposure to filter-sterilized PDF and to the right the severe disruption of the cellular architecture after chronic exposure to heat-sterilized PDF (magnification: ×40) on day 10. The changes of the morphologic phenotype of mesothelial cell are paralleled by differential cellular abundance of the marker protein Ezrin as shown in panel (C) (n = 6). Ezrin levels (days 1, 10) were significantly lower in heat-versus filter-sterilized PDF. The asterisk (*) demonstrates a P < 0.05 versus control.
T.O. Bender et al.
resulted in reduced HSP expression within the first day of PDF exposure, and remained at this level over the next days of chronic in vitro exposure. This resulted in a mean ratio of Hsp27 expression following exposure to heat-versus filter-sterilized PDF of 0.14, 0.20 and 0.66 on days 1, 3 and 10 (days 1, 3 P < 0.05), and for Hsp72 expression of 0.05, 0.51 and 0.40 on days 1, 3 and 10, respectively (days 1, 10 P < 0.05). As HSP expression might be dampened during cellular inflammation, we assessed release of IL-6 and IL-8 from HPMC as inflammatory markers and compared these markers between filter-and heat-sterilized PDF exposure. As it is shown in Figure 3 , there was a significant increased release, particularly of the proinflammatory chemokine IL-8 with exposure to heat-sterilized PDF. This resulted in a mean ratio of IL-6 release following exposure to heat-versus filter-sterilized PDF of 1.3, 1.0 and 1.2 on days 1, 3 and 10 (day 1 P < 0.05), and for IL-8 of 36, 13 and 2.8 on days 1, 3 and 10, respectively (day 1 P < 0.05).
As the main discriminator between filter-and heat-sterilized PDF is represented by the different concentrations of GDP, we decided to test the effects of the probably most important and toxic GDP, 3.4-di-deoxyglucosone-3-ene (3.4-DGE), on HPMC stress response and inflammation. Exposure to PDF alters mesothelial HSP 1049
As it is shown in Figure 4 , there was severe cellular injury and suppressed HSP expression in HPMC with GDP exposure, associated with significantly increased release of the proinflammatory interleukins, as shown in Figure 5 .
Discussion
Most cytotoxic insults not only result in disruption of the cell homoeostasis but also induce specific stress responses that counteract the inherent cell damage. In previous studies, we have demonstrated that HSP, the main effectors of the cellular stress response, were indeed markedly upregulated following acute exposure to isolated and combined physicochemical properties of PDF, such as acidosis, high lactate-and glucose-related toxicity [5] [6] [7] 17] . Like most in vitro experiments designed to study cytotoxic properties of PDF, these studies had been performed in 'acute exposure models', based on a few hours of PDF exposure, and were thus limited to early mesothelial cellular responses. However, long-term exposure with PDF is known to induce more chronic cellular processes and might also differentially affect mesothelial HSP expression [10, 18] . To our knowledge, the present study is the first to investigate markers of the cellular stress response in a more extended in vitro PDF exposure system. Originally, the 'chronic in vitro model of PD' was designed as a biocompatibility test to compare long-term effects exerted by glucose-based PDF sterilized either by heat or by filtration [11] . Confirming these previous studies, the present data demonstrated disruption of the mesothelial cell integrity, with reduced cell mass and altered cell architecture following extended PDF exposure [8, 11] . This disrupted cell homoeostasis was also reflected in changes of mesothelial phenotype as demonstrated by cellular morphology and differential cellular contents of the epithelial marker protein Ezrin.
Interestingly, only exposure to filter-sterilized PDF resulted in mild upregulation of HSP following 24 h of exposure. In contrast, exposure to heat-sterilized PDF resulted in significant downregulation of Hsp27 and Hsp72. This resulted in a significantly decreased ratio of HSP expression following exposure to heat-versus filter-sterilized PDF. Whereas the early upregulation of HSP was obviously sufficient to maintain cellular viability in cell cultures exposed to the filtersterilized PDF, the suppressed HSP expression was promptly paralleled by a significant decrease of cell mass in cell cultures exposed to the heat-sterilized PDF. These findings confirm the concept of a subtle cellular balance between cytotoxic insults and cytoprotective HSP in mesothelial cells exposed to PDF.
During more prolonged exposure, the cellular amount of HSP also started to decrease with exposure to filter-sterilized PDF, the differences between heat-and filter-sterilized became smaller, but remained statistically significant for 10 days of exposure. Although the design of this in vitro system does not allow to exclude potential effects of diluting the nutrients and supplements of the culture medium by adding PDF, the observed effects rather reflect the differential cytotoxicity of the respective PDF [8, 11] . Similar to early effects of HSP suppression, the slow decrease in HSP content was also paralleled by a decrease in total protein content and Ezrin concentration, although the cells looked morphologically almost like controls during exposure to filter-sterilized PDF.
In the next part of this study, we searched for the cellular mechanism responsible for HSP suppression. The reduced ratio of HSP expression following exposure to heat-versus exposure to filter-sterilized PDF was associated with a significantly increased ratio of proinflammatory markers following exposure to heat-sterilized PDF [8, 16, 19] . Therefore, our data suggest a negative regulation of the cellular stress response by sterile inflammation [20] . GDP, the most important factors of glucoserelated cytotoxicity in heat-sterilized PDF, are known to cause tissue damage and inflammation and are therefore particularly attractive candidates to mediate this dysregulation of the mesothelial cell stress responses.
The GDP 3.4-DGE has been identified as the most reactive and toxic compound found in heat-sterilized PDF in previous research [15] . Previous experimental settings have mostly found cytotoxic effects of 3.4-DGE at levels above 30 μM, close to the concentrations of more than 20 μM that have been described in conventional glucose-based PDF [15] . In good agreement, exposure to 3.4-DGE increased release of IL-6 and IL-8 and suppressed expression of Hsp27 and Hsp72. Thus, our study confirms that these different effects of heat-versus filter-sterilized PDF were indeed caused by GDP toxicity. Taken together, these data suggest that GDP-mediated peritoneal inflammation is responsible for dysregulation of the balance between cytotoxic insults and cytoprotective responses induced in mesothelial cells exposed to PDF.
The clinical relevance of this study is still difficult to assess. Treatment with heat-sterilized PDF is known to result in high GDP exposure and has been associated with increased cytokine release and worsened clinical outcome in PD patients [21] . At least indirectly, some evidence for suppressed HSP expression under such conditions has been previously reported. Firstly, recent data on reduced expression of Hsp27 and Hsp72 in mesothelial cell cultures grown from peritoneal effluents of long-term PD patients fully agree with the in vitro results in this study [10] . Secondly, mesothelial cells lining the peritoneal surface also expressed only low levels of Hsp72 following exposure to heat-sterilized PDF in the rat-in contrast to severe upregulation of HSP in these cells following heat treatment [22] . Finally, our findings might explain the unexpectedly low expression of Hsp72 that were described in clinical peritoneal biopsy material from PD patients with a complicated course [23] . Taken together, these data suggest that exposure to heatsterilized PDF may also dampen cytoprotective HSP expression in mesothelial cells in the clinical scenario of PD.
In summary, our data suggest that sterile inflammation, mediated by GDP such as 3.4-DGE, suppresses the stress response. Depressed HSP levels result in increased vulnerability to disruption of cellular architecture and viability Exposure to PDF alters mesothelial HSP 1051 upon extended PDF exposure. These effects occurred significantly earlier and stronger with heat-sterilized than with filter-sterilized PDF. Toxic effects of PDF thus might be extended to reduced mesothelial cell stress responses. However, future translation of these results into the in vivo system is needed. Studies using more global protein expression assessment will then allow to better compare the interwoven cellular processes during experimental PDF exposure models and clinical PD.
